Introduction {#Sec1}
============

Coronavirus disease 2019 (COVID-19) is an infection caused by a novel pathogen named SARS-Cov-2. Spreading worldwide in less than five months, the COVID-19 pandemic is a typical example of a global health issue \[[@CR1]\]. In the months since the first COVID-19 case was reported in the United States on January 22, 2020, many studies have employed different models to reconstruct the epidemic (i.e., the spread of COVID-19 within the United States only) and forecast its future trends, from simple growth models to classic susceptible-infected-recovered models \[[@CR2]\]. Yet due to the scarcity of available information about the early period of the COVID-19 epidemic, researchers lack sufficient data to construct complex and classic epidemiological models. In this context, the population-based ecological growth model is the preferable option for predicting the epidemic's future trajectory.

Researchers have developed various population-based models for modeling population dynamics and disease epidemics. One such model is the 1-parameter exponential growth model. In this model, population growth has no upper limit and is determined by one parameter of growth rate. To account for the upper limit of population growth, the 2-parameter logistic growth model was developed. In this model, the population growth rate is exponential in the beginning, but this growth rate gets smaller and smaller as population size approaches a maximum carrying capacity as detailed described in Richards \[[@CR3]\], McIntosh \[[@CR4]\], Renshaw \[[@CR5]\], Kingsland \[[@CR6]\], and Vandermeer \[[@CR7]\].

To account for additional key characteristics of population growth, the 2-parameter logistic growth model has since been extended to 3-parameter, 4-parameter, and 5-parameter logistic growth models. These models have been widely used in other fields of research, including demography and analytical chemistry \[[@CR8], [@CR9]\]. Despite the many analytical advantages of these models, to our knowledge, no study has employed this 5-parameter logistic growth model to examine the COVID-19 epidemic in the United States or in other countries. Thus, one purpose of this study is to assess the utility of the 5-parameter growth model in studying the dynamics of the spread of COVID-19.

Unlike typical population growth models (in which the initial population is a known quantity), only a small number of COVID-19 cases were detected during the early phase of the epidemic in the United States. In all contexts, more extensive testing services detect more cases; when the initial time of an epidemic's outbreak is known, extensive testing can yield data that more accurately reflects the true growth of the epidemic. Data indicate that the incubation period of COVID-19 is about 14 days \[[@CR10]\], and COVID-19 testing services in the U.S. became available in mid-March and were sustained thereafter following CDC guidelines. Therefore, the 14-day interval following the widespread implementation of testing should demonstrate the highest level of detection rates unaffected by the removal of infected individuals from the growth curve, presenting ideal data for model building. In principle, a model built with this data would more accurately capture and predict the growth of COVID-19 than models constructed from infection data ranging from the first detected case to the present.

Methods {#Sec2}
=======

Data {#Sec3}
----

Data for this study were the daily cumulative cases of COVID-19 in the U.S. from January 22 to April 6, 2020. This real-time data were compiled by the Centers for Disease Control and Prevention (CDC) and made available on their website at the time we conducted our study \[[@CR11]\].

Models {#Sec4}
------

We modeled the data using the 5-parameter logistic growth model as below: $$\documentclass[12pt]{minimal}
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                \begin{document}$$ C(t)={C}_{min}+\frac{C_{max}-{C}_{min}}{{\left[1+{e}^{-r\left(t-{t}_{mid}\right)}\right]}^{\alpha }\ } $$\end{document}$$where *C*(*t*) is the number of cumulative cases of COVID-19 over time, *t* (*t* = 1/22/2020, 1/23/2020, ..., 4/6/2020);*C*~*min*~ is the minimum number of cases at the beginning of the epidemic on January 22, 2020, when the first case was reported in the U.S.;*C*~*max*~ is the maximum number of people infected by the time the epidemic ends (i.e. the model-predicted total number of Americans who will be infected with COVID-19);*r* is the daily exponential growth rate;*t*~*mid*~ is the estimated tipping point when the number of new daily cases begins to level off and then to decrease; and*α* is an asymmetric parameter quantifying the skewness of the distribution of daily new cases. *α* = 1 indicates a symmetric distribution centered at *t*~*mid*~; *α* \> 1 indicates faster increases in new cases before *t*~*mid*~ and slower after *t*~*mid*~; and the reverse if *α* \< 1.

With Model 1 defined above, daily new cases *D*(*t*) can be obtained by taking the first derivative of the model: $$\documentclass[12pt]{minimal}
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Implementation of modeling analysis {#Sec5}
-----------------------------------

We conducted our data analysis using the software R. A 5-parameter logistic growth model was fitted to the data for new daily infections from March 21, 2020 to April 4, 2020, as shown in Model 2. Using the R function "optim," we implemented modeling analysis using a nonlinear optimization algorithm to minimize the sum of squared errors between the observed and model-estimated data. The optimization process yielded estimates for the five parameters *C*~*min*~, *C*~*max*~, *t*~*mid*~, *r*, and *α* with a significance level set at *p* \<  0.05 (two-sided).

With these five estimated model parameters, we estimated model-based cumulative cases (using Model 1) and new cases (using Model 2) for each day from March 21 to April 4 and made predictions about cumulative and new daily cases after April 4. We calculated the underdetection of cases in this 2-week window by measuring the differences between the reported number and the model-predicted number of cases.

Results {#Sec6}
=======

Model 2 fitted the observed cumulative daily cases from March 21 to April 4 satisfactorily and the model fit converged nicely. Table [1](#Tab1){ref-type="table"} summarizes the estimated parameters, their standard error (SE), and their 95% confidence intervals (CI). Except for *C*~*min*~, all model parameters were statistically significant at *p* \<  0.001 level. The lack of significance for *C*~*min*~ appears to be reasonable given the small scale of this number relative to the other parameters and the practical difficulties of determining the number of actual cases at the beginning of the epidemic when the first few COVID-19 cases were detected and reported. Table 1Summary of parameter estimationParameterEstimateSE*p*-valueLower 95% CIUpper 95% CI***C***~***min***~29.9992059.860.988− 4007.334067.32***C***~***max***~792,5481727.56\<  0.0001789,162795,934***t***~***mid***~76.90.456\<  0.000175.95277.739***r***0.168540.00463\<  0.00010.159470.17761**α**0.953640.06194\<  0.00010.832241.07504Note: Parameters were estimated based on daily cases of COVID-19 in the U.S. between March 21, 2020 and April 4, 2020

Based on our model estimates, at least 792,548 (95% CI: \[789,162, 795,934\]) Americans will have been infected with COVID-19 by the time the epidemic ends. This number is slightly more than twice the number of infections that had occurred in the U.S. by April 6. For reasons we discuss later, this estimate may be conservative, as the total number of reported cases exceeded 800,000 on April 21, as we completed our revisions of this paper.

Our estimated tipping point for new daily cases was on about April 7, 77 days (95% CI: \[76, 78\]) from the beginning of the epidemic on January 22. In other words, our model predicted that the epidemic curve in the U.S. would begin to flatten around April 6--8, 2020. This estimation corroborates recent reporting that new daily cases in the U.S. have remained somewhat constant beginning in early April \[[@CR12]\]. This tipping point suggests that it will take three to four more COVID-19 incubation periods (i.e., 6 to 8 weeks) for the U.S. to bring the epidemic under control, given our documentation and analysis of this process in China \[[@CR10]\] (Chen X, Yu B, Chen D: Three month of COVID-19 in China: surveillance, evaluation, and forecast from outbreak to control with a second derivation model, submitted).

The estimated exponential daily growth rate of COVID-19 in the U.S. population is 16.9% (95% CI: \[15.9, 17.8%\]), nearly the rate observed in China (17.12%) \[[@CR10]\]. This U.S. rate suggests that the number of total COVID-19 cases in the U.S. will double every four days if no anti-epidemic actions are in place. The estimated asymmetric parameter α was 0.954 (95% CI: \[0.832, 1.075\]), which is not statistically different than α = 1.0. This result indicates that changes in COVID-19 cases before and after the predicted tipping point of April 7 will follow a similar pattern.

For further illustration, Table [2](#Tab2){ref-type="table"} summarizes three sets of information ordered by days from the beginning of the epidemic: the data used for the model fitting section, a smaller reconstruction section, and a prediction section. Our fitted model detected substantial underdetected COVID-19 cases. By April 7, when this study was completed, the CDC reported a total of 395,011 detected cases; with our model, we predicted that CDC data for reported cases in fact underreported about 19,291 cases up to April 9. Table 2Illustration of data usage with reported, predicted, and underreported countsData UsageDaysDateReported CasesPredictedUnder-reportedTotalDailyDailyTotal**Reconstruction**543/15/202034871253310819,78116,294553/16/20204226739362323,14118,915563/17/202070382812421827,05420,016573/18/202010,4423404490231,60621,164583/19/202015,2194777568736,89221,673593/20/202018,7473528658443,01924,272**Fitting603/21/202024,5835836760350,10225,519613/22/202033,4048821875558,26924,865623/23/202044,18310,77910,04767,65823,475633/24/202054,45310,27011,48578,41123,958643/25/202068,44013,98713,07090,67622,236653/26/202085,35616,91614,797104,59819,242663/27/2020103,32117,96516,656120,31516,994673/28/2020122,65319,33218,624137,94715,294683/29/2020140,90418,25120,670157,58916,685693/30/2020163,53922,63522,750179,29815,759703/31/2020186,10122,56224,810203,08216,981714/1/2020213,14427,04326,784228,88915,745724/2/2020239,27926,13528,600256,59717,318734/3/2020277,20537,92630,180286,0108805744/4/2020304,82627,62131,453316,85512,029Forecast**754/5/2020330,89126,06532,352348,79117,900764/6/2020374,32943,43832,830381,4197090774/7/2020395,01120,68232,860414,30219,291784/8/2020427,46032,44932,436446,98719,527794/9/2020459,16531,70531,582479,03019,865804/10/2020492,41633,25130,340510,02117,605

Using a 2-week interval (i.e., March 21 to April 4) of data, our model's prediction of the number of new daily cases from April 5 to April 11 matched quite well with the observed data. For example, the model-predicted number on April 9 was 31,705, very close to the observed number of 31,582.

These results should be interpreted with caution. The estimated sum square of error $\documentclass[12pt]{minimal}
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                \begin{document}$$ \hat{\sigma} $$\end{document}$ = 2638.434 is quite large, meaning that although our model fitted the 2-week interval of data very well, a large amount of variation in the data is not explained by this model.

Below we provide two figures comparing the observed and model-predicted dynamics of new daily cases (Fig. [1](#Fig1){ref-type="fig"}) and of cumulative cases (Fig. [2](#Fig2){ref-type="fig"}). Overall, the model we constructed from only two weeks of data very closely predicted the reported numbers of both new and cumulative cases. Correspondingly, our model predicts that the cumulative cases will continue to increase rapidly after the tipping point until early May, as illustrated in Fig. [2](#Fig2){ref-type="fig"}. Fig. 1Observed vs. model-estimated and forecasted daily new COVID-19 cases, January 22--May 30, U.S.AFig. 2Observed vs. model-estimated and forecasted daily cumulative COVID-19 cases, January 22--May 30, U.S.A

Discussion {#Sec7}
==========

This study details our efforts to model, reconstruct, and forecast the COVID-19 epidemic using a 5-parameter logistic growth model -- a method widely used in demography, biology, and other hard sciences. To our knowledge, we are the first to use this model to analyze the COVID-19 epidemic in the U.S. We also developed and used our model through an innovative approach. Namely, to fit the model we intentionally used data from a 2-week period when new cases could be more completely detected, and we then used this fitted model to reconstruct the growth of cases before and after the 2-week period as well as to forecast the future development of the epidemic beyond the study period.

Based on findings from our modeling analysis, there is not a high likelihood that the number of daily new cases will increase continuously after the tipping point (i.e., April 7, 2020). However, our model's estimation that at least 800,000 Americans will be infected over the course of the epidemic may be conservative, given that the total number of reported cases exceeded 800,000 on April 21, as we completed our revisions of this paper, while the new cases fluctuated between 26,000 and 35,000 per day due to the increased appearance of cases in other cities and states outside of New York.

This conservative estimation is potentially attributable to three factors. First, the exponential growth of our logistic model is very sensitive to differences in growth rate, and a small difference in the number of early cases can lead to a sizeable difference in predictions of subsequent cases. Second, although we strategically selected a 2-week interval of data that we believed would yield the best model for predicting the epidemic's growth, this data likely still underreported the actual number of COVID-19 infections, making our estimated growth rate smaller than the true growth rate. For example, the estimated exponential growth rate of COVID-19 is 17.12% for China \[[@CR10]\], higher than 16.85%, the rate we estimated for the U.S. A small difference in the exponential growth rate can result in substantial differences in the maximum number of infections. And third, the data used for this analysis is from March 21 to April 4, 2020, where most of the reported cases are from the states of New York and New Jersey. The reported cases from these two states are flattened from reported CDC. Still, more cases are reported from other states, especially from the states of Michigan, Florida, Louisiana, which would add to the cases from New York and New Jersey to exceed the 800,000 predicted.

The accuracy of our model is also contingent on the federal- and state-level policy decisions that emerge in coming months. Although many states have implemented strict shelter-in-place policies to slow down the epidemic's spread, several states still have no such policies in place. In the absence of further policy action, we expect that more cases will be reported which may greatly surpass the estimated 800,000, and that the actual infection tipping point may occur later in April. Indeed, significant variations still persist in the estimated total infections in the U.S. even in light of available data: Ferguson et al. \[[@CR13]\] predicted 2.2 million cases whereas the CDC's worst-case scenario model predicted a shocking 214 million cases \[[@CR14]\]. At this moment, it remains unclear which estimates are more reliable. The accuracy of our estimation will be tested in light of emerging data on the progression of the epidemic in the United States.

The daily exponential growth rate of COVID-19 is 16.85% for the U.S. population, nearly the rate observed in China (17.12%) \[[@CR10]\]. Daily exponential growth rates can be obtained with limited data in the early period of an epidemic, and they provide a dynamic measure of instantaneous change, making doubling times calculated based on growth rate highly useful for directing and evaluating anti-epidemic measures. The U.S.'s daily exponential growth rate suggests that the number of COVID-19 infections will double every four days. For example, if the total cases are 500,000 today, there will be 1,000,000 in four days (with 40,000 anticipated deaths) if no timely anti-epidemic measures are implemented. No one -- including policymakers, medical and health professionals, and the general public -- should ignore this evidence of the pressing need to control the pandemic.

Conclusion {#Sec8}
==========

Understanding and curbing the COVID-19 epidemic in the U.S. is an essential part of fighting the pandemic globally \[[@CR1]\]. This study provides data important for informing public health decision-making designed to end the epidemic in the U.S. Our study also demonstrates the utility and efficiency of the 5-parameter logistic growth model for examining the dynamics of an epidemic in its early period when little data is available. Additionally, our selection of the 5-parameter logistic exponential growth model was based on intensive testing of other models, including 2-parameter, 3-parameter, and 4-parameter models. Of all models tested, the 5-parameter produced the most accurate results and generated key information, including the exponential growth rate, the doubling time for the epidemic, and the tipping point when daily new cases will level off.

Our study's findings should be considered in light of their limitations. First, our strategic selection of data from a specific timeframe is more subjective than objective, and not applicable in all contexts. Researchers applying this method in different countries/regions with different anti-epidemic strategies implemented in different ways should make their own determinations regarding the optimal timeframe to select for their modeling. We selected the 2-week interval from March 21 to April 4 because this interval spans approximately one COVID-19 incubation period and because the U.S. government began implementing widespread testing services by the beginning of this period, meaning that data from this interval potentially captured a more representative set of new cases. Interested readers can conduct their own analyses using this model while expanding on this time window to further assess the utility of this method. So far, the model's short-term predicted daily cases are quite close to the observed daily cases, as shown by Table [2](#Tab2){ref-type="table"}. However, our model's long-term predictions of future new daily cases may not be accurate (which is true of any model-based long-term prediction), so these long-term predictions should be considered with caution.

Second, additional work is needed to improve confidence in the accuracy *C*~*min*~, the minimum number of cases at the beginning of an epidemic. It is challenging to improve this estimation given the large range of different measures in the model. For example, the range between *C*~*min*~ and *C*~*max*~ in our analysis is from about 30 to about 800,000. Furthermore, the number of reported cases at the beginning of the epidemic is highly unreliable due to a lack of testing protocols and perhaps a lack of awareness of the incipient epidemic itself, which will lead in turn to an unreliable estimation of *C*~*min*~.

Despite the limitations, findings from this study provide timely data that can inform public health decision-making and policies designed to end the epidemic. We will continue to update our model as more data become available and the COVID-19 epidemic in the United States continues to evolve.
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